Phospholipase A 2 enzymes are ubiquitously distributed throughout the prokaryotic and eukaryotic kingdoms and are utilized in a wide array of cellular processes and physiological and immunological responses. Several patatin-like phospholipase homologs of ExoU from Pseudomonas aeruginosa were selected on the premise that ubiquitin activation of this class of bacterial enzymes was a conserved process. We found that ubiquitin activated all phospholipases tested in both in vitro and in vivo assays via a conserved serine-aspartate catalytic dyad. Ubiquitin chains versus monomeric ubiquitin were superior in inducing catalysis, and ubiquitin-like proteins failed to activate phospholipase activity. Toxicity studies in a prokaryotic dual-expression system grouped the enzymes into high-and low-toxicity classes. Toxicity measured in eukaryotic cells also suggested a two-tiered classification but was not predictive of the severity of cellular damage, suggesting that each enzyme may correspond to unique properties perhaps based on its specific biological function. Additional studies on lipid binding preference suggest that some enzymes in this family may be differentially sensitive to phosphatidyl-4,5-bisphosphate in terms of catalytic activation enhancement and binding affinity. Further analysis of the function and amino acid sequences of this enzyme family may lead to a useful approach to formulating a unifying model of how these phospholipases behave after delivery into the cytoplasmic compartment.
Phospholipase A 2 enzymes are ubiquitously distributed throughout the prokaryotic and eukaryotic kingdoms and are utilized in a wide array of cellular processes and physiological and immunological responses. Several patatin-like phospholipase homologs of ExoU from Pseudomonas aeruginosa were selected on the premise that ubiquitin activation of this class of bacterial enzymes was a conserved process. We found that ubiquitin activated all phospholipases tested in both in vitro and in vivo assays via a conserved serine-aspartate catalytic dyad. Ubiquitin chains versus monomeric ubiquitin were superior in inducing catalysis, and ubiquitin-like proteins failed to activate phospholipase activity. Toxicity studies in a prokaryotic dual-expression system grouped the enzymes into high-and low-toxicity classes. Toxicity measured in eukaryotic cells also suggested a two-tiered classification but was not predictive of the severity of cellular damage, suggesting that each enzyme may correspond to unique properties perhaps based on its specific biological function. Additional studies on lipid binding preference suggest that some enzymes in this family may be differentially sensitive to phosphatidyl-4,5-bisphosphate in terms of catalytic activation enhancement and binding affinity. Further analysis of the function and amino acid sequences of this enzyme family may lead to a useful approach to formulating a unifying model of how these phospholipases behave after delivery into the cytoplasmic compartment. P hospholipase A 2 (PLA 2 ) enzymes represent a large class of proteins found throughout all phylogenetic kingdoms. They exert their activity on a number of phospholipid substrates, catalyzing the hydrolysis of the sn-2 ester bond to alter membrane structure and release a number of important biological mediators and precursor substrates (1) . These enzymes are found in both intra-and extracellular environments. They are generally classified into six groups consisting of secreted forms (sPLA 2 ), cytosolic forms (cPLA 2 ), calcium-independent enzymes (iPLA 2 ), plateletactivating factor acetylhydrolases (PAF-AH), lysosomal PLA 2 , and adipose-specific PLA 2 (reviewed in references 2 and 3). Secreted PLA 2 enzymes are typically ϳ15 kDa and contain a histidine-asparatate catalytic dyad (4) . In the presence of a calcium ion cofactor, they conduct lipid hydrolysis through interfacial activation, a process involving a substantial increase in catalytic activity upon binding to a phospholipid membrane surface. Previous studies suggest that this outcome mechanistically involves both the physical properties of membrane substrates and conformational changes within the PLA 2 (5, 6) . Many PLA 2 s display a binding preference for anionic membrane surfaces to promote activities including destruction of bacterial membranes in host defense (7) , promotion of atherogenesis (reviewed in reference 8), processing of dietary phospholipids (reviewed in reference 9), recycling of apoptotic cells (10) , potent myotoxicity after envenomation via snake bites and bee stings (reviewed in reference 11), sperm maturation, and skin homeostasis (reviewed in reference 12).
Cytosolic PLA 2 enzymes differ from sPLA 2 enzymes in both structure and function (reviewed in reference 13). Structurally, cPLA 2 enzymes are much larger (ϳ85 kDa) and contain a catalytic domain linked to a smaller C2 domain. The catalytic domain is generally composed of a canonical ␣/␤ hydrolase fold with an active-site catalytic serine-aspartate catalytic dyad, along with a conserved arginine. Several phosphoserine residues are also required for maximal activity (14; reviewed in reference 15). Structural studies of the cPLA 2 catalytic domain revealed that its dyad rests amid a funnel of hydrophobic residues covered by a lid, which is displaced upon substrate binding, leading to interfacial activation of the enzyme (16) . The C2 domain contains a series of membrane-binding loops requiring calcium ions to neutralize their net anionic charges, allowing productive membrane binding. Further mechanisms for either electrostatic or hydrophobic membrane binding interactions have been described, with important implications for substrate specificity and biological function (reviewed in reference 17). Several mouse cPLA␣ knockout studies have shown that this enzyme is important in a number of physiological processes due to the release of arachidonic acid upon lipid hydrolysis (reviewed in reference 17). Released molecules are subsequently oxidized into one of a variety of eicosanoids, which generally have effects on inflammatory responses but also serve as regulators of tumorigenesis, atherosclerosis, thrombosis, and rhinitis (reviewed in references 17 and 18) .
Phospholipases with homology to potato tuber patatin consitute another large family of enzymes (19) . Patatin domains are prevalent among both prokaryotes and eukaryotes. Structural and bioinformatic studies show that this class of enzymes most closely resembles the intracellular iPLA 2 (20) . Patatin domains similarly harbor ␣/␤ hydrolase folds and serine-aspartate dyads, with the serine located in a conserved Gly-X-Ser-X-Gly hydrolase motif. Another motif, Gly-Gly-X-Arg (or Gly-Gly-X-Lys in the case of patatin B2), is usually present, and it is thought to function in stabilizing the transition state during the cleavage reaction of the sn-2 ester bond (16, 19, 21) . Patatin differs from phospholipases such as cPLA 2 in that the former is not subject to interfacial activation and does not contain a lid-like structure partially occluding access of the active site to substrate (16, 19, 22) . Cytosolic PLA 2 s generally show increased substrate specificity for arachidonic acid-containing lipids, while patatin is considered more promiscuous in substrate preference (1, 22) .
A growing number of reports demonstrate that bacterial pathogens, particularly Gram-negative species, use patatin-like PLA 2 enzymes as effector molecules to target host cellular membranes (23) (24) (25) (26) (27) . Previous work has shown that exoenzyme U (ExoU), a patatin-like phospholipase encoded by the opportunistic pathogen Pseudomonas aeruginosa, is injected by a type III secretion system (T3SS) into host cells as an effector (27) (28) (29) . ExoU is potently activated by a proteinaceous cofactor present in mammalian and yeast cells that was recently identified as ubiquitin (28, 30) . We reasoned that ExoU has evolved to utilize ubiquitin as its activation partner due in part to the ubiquitous presence of this protein in all eukaryotic cells and, more importantly, its absence from prokaryotic cells. This hypothesis is supported by previous work demonstrating that coexpression of ExoU with monoubiquitin in Escherichia coli induced rapid bacterial cell death (30) .
The combination of a membrane-destructive hydrolase activated by a highly conserved, eukaryotic-specific protein may be widespread in T3SS
ϩ Gram-negative bacteria considering that bioinformatic analyses revealed several close orthologs to ExoU (23) (24) (25) (26) (27) . We queried three additional enzymes from bacterial species representing different ecological niches and pathogenic potentials to determine if ubiquitin activation was a common property of these proteins (24, 27, 31, 32) . Functional characterization of each enzyme's enzymatic properties and substrate specificity in comparison to those of ExoU from P. aeruginosa should shed light on a biological role that each enzyme may play for the bacterium expressing it. Additionally, comparative information can be obtained from amino acid sequence alignments relative to the observed activity or activation potential. A universal description of the mechanism of activation of this family of phospholipases may emerge, which will ultimately be critical for the rational development of specific inhibitors or cell-targeting therapeutics.
MATERIALS AND METHODS

Reagents.
The antibodies used for detection by Western blotting were as follows: mouse antiubiquitin (Santa Cruz; sc-271289), mouse anti-His (GE Healthcare; 27-4701-01), anti-green fluorescent protein (anti-GFP) (Covance; MMS-118R), anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) (Santa Cruz; SC-32233), anti-DnaK (Enzo; 8E2/2), and goat anti-mouse antibody-horseradish peroxidase (HRP) (Invitrogen; F-21453). All lipids purchased were from Avanti Polar Lipids, Inc. Recombinant monoubiquitin (U-100H), K63-linked diubiquitin (UC-300), NEDD8 (UL-812), SUMO-1 (UL-712), ISG15 (UL-601), and FAT10 (UL-900) were purchased from Boston Biochem, Inc.
Enzyme purification. Pseudomonas aeruginosa ExoU (PAU), Burkholderia thailandensis ExoU (BTU), and Pseudomonas fluorescens ExoU (PFU) were expressed as hexahistidine-tagged fusion proteins from pET15b in Escherichia coli BL21(DE3) pLysS. Cultures were grown in Luria-Bertani (LB) broth with 30 g/ml of chloramphenicol and 100 g/ml of ampicillin to an optical density at 600 nm (OD 600 ) of 0.5 at 37°C and induced with 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 2 h at 30°C. Cells were harvested and lysed by passage through a French pressure cell, and recombinant proteins were purified by cobalt metal affinity chromatography (Clontech) as described previously (30) . Elution fractions were pooled and concentrated in 30-kDa molecular-mass-cutoff centrifugal concentrators (Millipore) before application to a Superose 6 size exclusion column (GE Healthcare) equilibrated in 10 mM Tris (pH 7.0), 150 mM NaCl, and 20% glycerol with an ÄKTA fast-performance liquid chromatography (FPLC) system (GE Healthcare). Peak fractions were concentrated and flash frozen in a dry ice-ethanol bath for storage at Ϫ80°C. The ExoU homolog encoded by the Photorhabdus asymbiotica genome was amplified from a pET15b vector to include the pET15b ribosome-binding site and hexahistidine tag and ligated into pJN105 as a SpeI-SacI fragment after removal of the endogenous SpeI sites via sitespecific mutation (Change-IT; Affymetrix). This plasmid was introduced into strain BL21(DE3) pG-KJE8 and grown in LB broth with 30 g/ml of chloramphenicol, 10 g/ml of gentamicin, and 10 ng/ml of tetracycline to an OD 600 of 0.5 at 37°C before a 2-h, 30°C induction with 0.5% arabinose. Purification of the P. asymbiotica enzyme (PYU) was identical to the above-described procedure except that the cells were lysed in buffer containing 6 M urea. Purity was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analyses, and protein concentrations were determined by A 280 in a quartz cuvette at their respective extinction coefficients.
In vitro activity assay. In vitro activity was assessed using the phospholipid mimetic N-( (6-(2,4- 
salt (PED6) as described by Anderson et al. (30) . Briefly, each well in a 96-well black-bottom plate (Costar) contained a 50-l solution of 50 mM 2-(N-morpholino)ethanesulfonic acid (MES; pH 6.3), 750 mM monosodium glutamate (pH 6.3), 10 nM enzyme, 100 M PED6, and various amounts of either monoubiquitin or K63-linked diubiquitin. Initial rates were calculated from the raw data acquired at 1-min intervals over 30 min using excitation and emission wavelengths of 488 and 515 nm, respectively, with a cutoff value of 495 nm (SpectraMax M5 plate reader; Molecular Devices). To evaluate the enhancement of PLA 2 activity by phosphatidyl-4,5-bisphosphate (PIP 2 ), either PIP 2 or palmitoyl-oleoyl phosphatidylserine (POPS) was reconstituted to 1 mM in phosphate-buffered saline (PBS) and used in assays conducted with 10 M enzyme, 30 M PED6 substrate, and 5 M monoubiquitin.
Dual-expression bacterial assays. Each respective E. coli strain was cultivated with antibiotics formulated to select for plasmid retention (30 g/ml of chloramphenicol [pJY2], 10 g/ml of gentamicin [pJN105], and 30 g/ml of kanamycin [pCOLA-Duet]) on LB agar containing 0.5% glucose before each experiment. All toxin genes were amplified from a pET15b vector to include the pET15b ribosome-binding site and hexahistidine tag for ligation into the pJN105 plasmid. Isolated colonies were scraped from growth plates and suspended into LB broth (OD 600 ϭ 2.0) with antibiotics but lacking glucose and grown statically for 40 min at 30°C. Each culture was diluted to an OD 600 of 0.25 and either serially diluted for the spot plate assay or grown in LB broth (200 rpm and 30°C) with either glucose (0.5%) or inducing reagents (0.5 mM IPTG and 0.5% arabinose) for the desired periods. Samples from specific time points were plated onto LB agar with glucose and antibiotics for the enumeration of surviving cells. SDS-PAGE and Western blotting were conducted directly on 15 l of lysates at the desired time point from a starting inoculation of 1 ϫ 10 8 CFU/ml with anti-His (1:8,000 dilution), antiubiquitin (1:10,000 dilution), or anti-DnaK (1:10,000 dilution) antibodies as probes for detection with HRP-conjugated anti-mouse IgG (1:10,000 dilution). SuperSignal West Pico chemiluminescent substrate (Thermo Scientific) was used for signal detection.
Detection of ExoU and homolog proteins expressed in transfected
HeLa cells by Western blotting. HeLa cells (CCL-2 from ATCC) were seeded at a density of 1 ϫ 10 5 in a 35-mm culture dish and grown overnight in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C with 5% CO 2 . Cells were washed with Hanks balanced salt solution (HBSS) 3 times and transfected with the FuGENE HD transfection reagent (Promega) mixed with 1.6 g of DNA at the ratio of 2.2:1 according to the manufacturer's instructions. The enhanced GFP (eGFP) control plasmid was transfected using 400 ng of DNA at a 0.5:1 ratio of DNA to FuGENE (the total amount of FuGENE was identical in all experiments). Transfected cells were stained with propidium iodide (50 ng/ml; Sigma) for 5 min at 37°C. Images were acquired and processed under the same conditions for all samples, except that plasmid-eGFP and PFU-S96A-eGFP images were acquired with half the exposure time and processed at 50% of the intensity of the other samples due to increased relative signal intensity. Plasmid PFU-eGFP was processed at 50% of the intensity of the other samples as well. Fluorescence microscopy images were acquired by a Nikon Eclipse Ti-U inverted microscope equipped with a CoolSNAP ES2 charge-coupled-device (CCD) camera (Photometrics) and a multifluorescent Sedat Quad ET filter set (multichroic splitter; Chroma). NIS-Elements software (Nikon) was used for image acquisition, processing, and analysis. The objective lens used was 10ϫ Plan Fluor (numerical aperture [NA], 0.3) from Nikon. In each experiment, 3 fields of images were acquired per sample and quantified. The data represent the means and standard deviations (SD) of values from 3 independent experiments.
Western blot detection of homolog-eGFP proteins was conducted using cells from 60-mm plates seeded with 7.2 ϫ 10 5 cells. Cells were transfected with 400 g of plasmid DNA at a 1:2.5 DNA/FuGENE ratio. After 24 h of incubation, cells were scraped in 900 l of sucrose buffer (250 mM sucrose, 3 mM imidazole, and cOmplete mini-protease inhibitors [EDTA free; Roche] in PBS), transferred to a microcentrifuge tube, and collected by centrifugation at 5,000 ϫ g and 4°C for 15 min. Floating cells in the culture medium were also collected by centrifugation at 680 ϫ g for 10 min and combined with the harvested cells. Cell pellets were combined with 50 l of 2ϫ lysis buffer (6 mM imidazole, 2ϫ cOmplete mini-protease inhibitors [EDTA free], 100 g/ml of DNase, and 100 g/ml of RNase in PBS), and 50 l of 5ϫ protein sample buffer was added. After 15 min of incubation at room temperature, samples were boiled for 5 min prior to analysis by SDS-PAGE and Western blot analysis. GFP-tagged proteins were probed with an anti-GFP monoclonal antibody (1:5,000 dilution) followed by an HRP-conjugated anti-mouse IgG (1:10,000 dilution). As a loading control, GAPDH was probed with an anti-GAPDH monoclonal antibody (1:2,000 dilution) and an HRP-conjugated antimouse IgG.
LDH release assay to measure cytotoxicity. HeLa cells (6.4 ϫ 10 4 ) were seeded in a 24-well tissue culture plate, grown overnight, and transfected using the FuGENE HD transfection reagent mixed with 400 ng of DNA at a 2.2:1 reagent-to-DNA ratio. After 24 h of incubation, aliquots of the tissue culture medium were subjected to centrifugation to exclude floating cells and debris. The supernatant (50 l) was subjected to lactate dehydrogenase (LDH) activity measurements using the CytoTox 96 nonradioactive cytotoxicity assay (Promega) according to the manufacturer's instructions. Lactate dehydrogenase activity was detected by using a SpectraMax M5 microplate reader. Assays were performed at least 3 times as independent experiments; error bars in figures indicate SD from the means.
Liposome binding assays. Liposomes were produced by subjecting the component mixtures of organically solubilized lipids to a nitrogen stream and subsequent overnight desiccation at room temperature. Dried lipid films were suspended in a 30% sucrose solution and subjected to multiple freeze-thaw cycles before extrusion through a 200-nm filter to generate uniform, unilamellar vesicles. These liposomes were then pelleted at 100,000 ϫ g and 4°C before suspension in 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS; pH 7.0) and 150 mM NaCl buffer (buffer A) to a final lipid concentration of 40 mM. Various concentrations of each liposome preparation (0 to 12 mM) were combined with 1 M enzyme in a 100-l solution of buffer A and incubated for 1 h at 4°C with constant rotation. The mixture was then subjected to centrifugation for 1 h at 4°C and 100,000 ϫ g to pellet liposomes and bound enzyme. Immediately upon conclusion of the centrifugation, 25 l of the supernatant was withdrawn and utilized for SDS-PAGE analysis. Densitometric analysis of enzyme remaining in the supernatant was performed after staining the gels with Coomassie brilliant blue and quantifying the loss of signal intensity using ImageJ 1.440 software (http://imagej.nih.gov/ij).
RESULTS
Bioinformatic interrogation of ExoU orthologs.
A previous report indicated that enzymes with patatin-like domains annotated in the current database of sequenced bacterial genomes total at least 4,400 proteins (33). To determine if enzymes similar to ExoU also utilize ubiquitin as a cofactor, we performed an initial bioinformatic survey. To reduce the number of candidate proteins, we narrowed the list to Gram-negative bacteria with T3S, putative T3S, or T4S systems and amino acid lengths exceeding 500 residues. Additional sequences beyond the catalytic domain are important for activation of ExoU and thus may also perform the same function among its orthologs (34) (35) (36) . Altogether, our analysis yielded 17 proteins that may have phospholipase activity activated by ubiquitin (Table 1) . Each protein contains a Gly-X-Ser-X-Gly hydrolase motif, a Gly-Gly-X-K/R glycine-rich motif, and an Asp-Gly-Gly motif likely to contain the catalytic aspartic acid residue. This group of enzymes was largely represented by species of Pseudomonas and Rickettsia (Table 1) . Additional candidates were encoded in the genomes of facultative intracellular organisms such as Legionella, Burkholderia thailandensis, and certain strains of Photorhabdus asymbiotica (23, 31, 37) . Aeromonas diversa and Vibrio vulnificus also contain orthologs to ExoU and differ from the other strains in that they are capable of colonizing anaerobic environments such as the gastrointestinal tract (38, 39) . Analysis of the predicted isoelectric points of these proteins reveals a span of values, ranging from acidic in the V. vulnificus enzyme (pI ϭ 4.5) to basic for the P. extremeaustralis enzyme (pI ϭ 10.0). The average percent identity to ExoU from P. aeruginosa is 30%, ranging from the most identity observed for the P. asymbiotica enzyme (53%) to the least identity observed for the V. vulnificus protein (19%). The average size of the enzymes is slightly smaller than that of ExoU (687 amino acid residues), at 636 residues.
To begin to determine whether patatin orthologs of ExoU also require a ubiquitin cofactor, three enzymes from bacteria with differing ecological niches (see Discussion) were chosen from Table 1 for further analysis. As with ExoU, the potential requirement of ubiquitin may suggest that the functional activity and/or biological role depends on delivery into a eukaryotic cellular environment. A representative schematic depicting each selected protein at comparative scale is shown in Fig. 1A . The proteins are designated PAU, PYU, BTU, and PFU for enzymes encoded by P. aeruginosa, P. asymbiotica, B. thailandensis, and P. fluorescens, respectively. The proteins appear to retain similar domain structures, with the approximate locations of the catalytic residues and glycine-rich motifs conserved. The BTU and PYU orthologs are similar in total number of amino acids to ExoU, while the PFU enzyme, at 643 residues, is closer to the average enzyme listed in Table 1 . All of the selected proteins carry a fairly basic isoelectric point (pI ϳ 9.0), in contrast to ExoU's predicted pI of 5.6.
ExoU contains a two-domain region downstream of the catalytic domain which has been shown in other studies to be important for both membrane and ubiquitin interactions (23, 34, 36, (40) (41) (42) (Fig. 1A) . To determine if a common motif might be associated with ubiquitin binding or activation, a CLUSTALW alignment of this region was performed (43) (Fig. 1B) . In previous studies, structural homology between ubiquitin binding proteins and ExoU was used to target structurally analogous residues for their functional contribution to phospholipase activity and ubiquitin interaction. Residues previously shown to significantly affect activity when monoubiquitin is used as a cofactor (36) are marked within black boxes in Fig. 1B . Overall, there are several conserved regions with high similarity or identity to residues that have been shown to be important for ExoU activity throughout the alignment. Notable clusters of identity are coincident with secondary structural predictions of helices, suggesting that an overall maintenance of structure is important. Significant conservation around the C-terminal helix is observed. The presence of this sequence has been previously shown to be vital for ExoU toxicity and ubiquitylation in host cells (44) . This analysis was inconclusive toward predicting whether ubiquitin serves as a cofactor to activate BTU, PYU, or PFU. The lack of an identifiable motif, the large region involved (2 domains, according to the ExoU structure [41, 42] ), the conservation of structure, and studies previously performed in our laboratory are, however, consistent with the hypothesis that a collective functional surface rather than the interaction with specific residues may be important for activation by ubiquitin (36) .
Kinetic analysis of ExoU relative to the homologs. To definitively test for both phospholipase activity and activation by ubiquitin, purified enzymes were analyzed for the ability to cleave a phospholipid mimetic molecule (PED6) in the absence and presence of either monoubiquitin or diubiquitin (45) . The diubiquitin used in these assays is linked via lysine 63 to the distal ubiquitin's C-terminal glycine. Multiple preparations of purified proteins demonstrated the ability to cleave PED6 only in the presence of an ubiquitin cofactor (data not shown).
Initial optimization experiments revealed that the standard pH (6.3) and salt (750 mM monosodium glutamate) conditions of the assay resulted in the highest levels of activity for each enzyme (data not shown), thus allowing a more direct comparison of catalytic constants. The PYU enzyme was roughly 2-to 3-fold more efficiently activated (K act ) by monoubiquitin than both the PAU and BTU enzymes and 16-fold more efficiently activated than PFU proteins ( Table 2) . As activation of phospholipase activity for all the enzymes is dependent upon ubiquitin in a highly purified system, the K act , though not a quantitative measure of binding, can serve as a binding surrogate. Additionally, specific interaction of each purified protein with ubiquitin was demonstrated by biolayer interferometry (see Fig. S1 in the supplemental material). PAU catalysis of the substrate (k cat ) was about ϳ3-fold faster than that of PFU and 5-to 10-fold faster than those of BTU and PYU under saturating levels of activator and substrate. All together, the results showed that the PAU enzyme appeared approximately 3-fold more catalytically efficient (k cat /K act ) over the next best enzyme, PYU, and nearly 20-fold better than the least productive enzyme, PFU, when monoubiquitin was used as the activator.
Previous studies have suggested that PAU possesses a higher affinity and is more efficiently activated by polyubiquitin chains than monomers (30, 36) . We used K63-linked diubiquitin in these experiments as a model of polyubiquitin chains, as it has been shown that ExoU is modified by a K63-linked diubiquitin in host cells and because linear and K48-linked chains appear to activate ExoU to roughly similar levels under the conditions of our in vitro assay (30, 44) . The use of diubiquitin as an activator resulted in a 100-to 1,000-fold increase in activation efficiency (K act ) for all of the enzymes compared to monoubiquitin-induced activation. PAU and PYU reached their activation constants at 40 to 50 nM diubiquitin, while BTU and PFU enzymes required the presence of roughly a 500 nM concentration of an activator. The trends in substrate turnover (k cat ) mirrored those with monoubiquitin activation, indicating that cofactor saturation was achieved in both cases. In summary, the PAU enzyme was roughly 10-fold catalytically superior (k cat /K act ) to PYU in vitro following diubiquitin activation. PFU and BTU enzymes exhibited catalytic efficiencies (k cat /K act ) approximately 50-to 100-fold less than that of PAU and 5-to 10-fold less than that of PYU. Ubiquitin-like proteins SUMO-1 (Յ80 M tested), FAT10
(Յ6.6 M tested), and ISG15 (Յ13 M tested) did not induce activation above controls without an activator under standard assay conditions (data not shown). NEDD8 (Յ100 M tested) appeared to induce cleavage above the baseline in all four homologs enzymes. GGG, glycine-rich motif postulated to participate in an oxyanion hole; S and D, catalytic residues serine and aspartate, which form a dyad; blue and black domains, regions characterized in ExoU to possess membrane and/or cofactor interaction activity. (B) Sequence alignment of the C-terminal domains corresponding to the black and blue C-terminal domains in panel A. The alpha-helical secondary structure of ExoU is shown as either black or blue arrows above the alignment for reference. In the alignment, sequence identity or similarity is shown as purple or pink highlights, respectively. Boxed amino acids were shown in previous studies to be important for ExoU activity when monoubiquitin serves as a cofactor. A consensus sequence is shown as calculated by the CLUSTALW algorithm. at high concentrations; however, this level of activation was at least 20-to 30-fold lower in stimulating phospholipase activity than that of monoubiquitin (data not shown). It is not surprising that small amounts of activity due to the presence a high concentration of NEDD8 were detected, as this molecule is nearly structurally identical to ubiquitin, with 58% sequence identity and 80% sequence similarity (46) . Several studies aimed at quantifying intracellular levels of ubiquitin have suggested that nucleated cells contain somewhere between 8.0 ϫ 10 7 and 1.5 ϫ 10 8 ubiquitin molecules per cell (ϳ85 to 150 M depending on the assumption of cellular volume) (47) (48) (49) . Data on the intracellular concentration of NEDD8 are sparse; however, one report suggested that the total free amounts of this protein and ubiquitin were similar (46) . Given that slightly more than half of the total cell ubiquitin pool is typically in a conjugated form, and each of the homologs displays more than a 100-to 1,000-fold decrease in the K act for diubiquitin compared to monoubiquitin, we speculate that the most physiologically relevant activators of ExoU and its orthologs are likely polyubiquitin chains.
ExoU orthologs recognize bacterial membranes as substrates via a conserved catalytic dyad. To test enzyme toxicity in a more physiological environment, we used a variation of the E. coli dual-expression model in which both enzyme and ubiquitin are expressed from separate inducible plasmids (30) . This system allows for a simplified, semiquantitative, and controlled method for studying the outcomes of intoxication in living cells lacking the ubiquitylation/deubiquitylation machinery found in eukaryotes. Each enzyme was cloned with an N-terminal hexahistidine tag into the arabinose-inducible, gentamicin-selectable plasmid pJN105 (50) . Ubiquitin was cloned as a nontagged construct into the kanamycin resistance vector, pCOLADuet, held under repression by the pJY2 plasmid. Initial experiments tested the toxicity of each enzyme alone in E. coli when induced. Cell death was not evident either in liquid cultures (data not shown) or on agar medium ( Fig. 2A and C, glucose) when ubiquitin was totally absent from the system. Serial spot plate dilutions of each strain onto medium containing arabinose showed growth titers identical to that of the glucose control ( Fig. 2A) . Western blot analysis detecting the histidine tag for each enzyme over a 3-h time course revealed that PAU was much more highly expressed than the other toxins relative to the DnaK chaperone loading control. BTU and PFU enzymes had similar, more moderate expression profiles, while the PYU construct expressed the smallest amount of protein (Fig. 2B) . Western blot detection of any protein was not achieved at any time point prior to 1 h postinduction (data not shown).
Wild-type or single catalytic serine-to-alanine point mutant derivative enzymes were next expressed with monoubiquitin in the dual-expression system to test if these enzymes were active against the bacterial inner membrane and if the proposed catalytic residues were indeed necessary for substrate cleavage (Fig. 2C and  D) . We found that all enzymes were activated by monoubiquitin when bacterial membranes served as substrates; however, the de- grees of toxicity appeared to differ between the proteins (Fig. 2C) . Strains expressing PFU suffered about a log inhibition in growth under inducing conditions on agar medium compared to plates containing glucose as a negative control. The PAU enzyme was more intermediate in growth inhibition (ϳ3 logs) on solid medium, while PYU and BTU decreased apparent growth by at least 6 logs under dual inducing conditions (arabinose and IPTG). To confirm that this growth inhibition was cell death, we carried out cell viability time course assays for each strain. These data recapitulated the spot plate assays in that the PYU and BTU enzymes were extremely toxic to E. coli when induced with monoubiquitin (Fig.  2D) . Cell death was apparent after 30 min of induction and continued until nearly the entire population of cells was nonviable at approximately 2 h postinduction. Attempts to detect either PYU or BTU protein in the presence of the ubiquitin-encoding plasmid by immunoblotting were unsuccessful even in the absence of induction, further supporting a high degree of toxicity (see Fig. S2 in the supplemental material). Strains producing PAU or PFU enzymes showed approximately equal levels of cell death, but the levels were more moderate than those of strains expressing monoubiquitin and BTU or PYU, respectively. Cell death mirrored the timing of Western blot detection, occurring after 1 h of induction and culminating in an approximately 3-log decrease in cell viability by 2 h of induction. Control serine-to-alanine catalytic point mutant derivatives showed a steady rate of cell growth throughout the assay, consistent with the abrogation of phospholipase activity (Fig. 2D) . When considering the amount of enzyme expression and cell death, the PYU protein appears to be the most toxic enzyme of this group in targeting the bacterial membrane. The BTU enzyme could be considered the second most toxic, while the PFU enzyme may be more lethal than PAU in bacteria given the similar amount of cell death in liquid medium and PAU's higher relative expression level.
Relative toxicity of each enzyme in a transfection assay of HeLa cells. We next examined if the toxicity phenotype patterns observed in prokaryotes correlated with toxicity in a eukaryotic environment by transfecting HeLa cells with plasmids expressing each homolog from identically designed constructs. This initial assessment aimed to broadly observe the levels of enzyme expression, activity, and cellular response. To facilitate Western blotting and directly visualize the expressed enzymes, all clones were constructed as N-terminal fusions to enhanced GFP (eGFP); prior studies indicated that ExoU retains biologically relevant levels of toxicity and trafficking when fused to eGFP (35, 44, 51) . Fluorescence microscopy 24 h after transfection showed no detectable eGFP signal in cells expressing the PAU enzyme, recapitulating earlier studies demonstrating the apparently high toxicity of ExoU in this environment (Fig. 3A) (51) . Surprisingly, eGFP signal was visible from cells transfected with constructs encoding the PYUeGFP and BTU-eGFP enzymes. The cells appeared to tolerate more expression of PFU-eGFP than of the other homologs, suggestive of a lower relative toxicity (Fig. 3A) . Control cultures expressing only eGFP displayed a strong signal from a confluent monolayer. Compared to the parental version of the clones, the PAU catalytic null mutant was now detectable, and a moderate increase in expression of the other mutant toxins was observed (see Fig. S3 in the supplemental material).
Propidium iodide (PI) staining of each cell culture inversely correlated with the intensity of eGFP signal from the native sequence toxin fusions. The intercalation of PI into endogenous nucleic acids is an indicator of plasma membrane damage. Compromised plasma membranes were clearly detected in the PAU and BTU transfections, as seen by the intensity of the red signal in the corresponding micrographs (Fig. 3B) . The PYU transfections resulted in PI stain levels visibly lower than those obtained with PAU or BTU transfections; PFU expression resulted in minimal PI staining comparatively. The eGFP-only and catalytic mutant enzyme controls did not result in PI staining beyond background staining levels in vehicle controls ( Fig. 3B; see also Fig. S2B in the  supplemental material) . Lastly, bright-field contrast images of the same microscopic fields in Fig. 3A and B show cell-rounding phenotypes in each of the transfection experiments utilizing catalytically active toxin genes (Fig. 3C) . The PAU toxin appears to be the most potent in disrupting cell integrity via this general assessment.
The BTU enzyme appears to be slightly more potent in a rounding phenotype and monolayer perturbation than PYU or PFU; however, it is clear that cell rounding is evident in those transfections at levels above the GFP control well. Given that a minimal amount of PI staining was detected under expression of PYU and PFU, it is possible that those enzymes disrupt cell morphology at a location other than the plasma membrane or that their activity is sufficiently low to avoid membrane rupture.
Quantitative analysis of homolog expression in HeLa cells. Microscopic examination of transfected cells was useful, but the lack of apparent toxicity for PTU and PFU enzymes (GFP ϩ and PI Ϫ ) may be due to many factors that impact overall protein expression, including codon usage and rates of protein degradation. Even in the bacterial dual-expression system there were clear differences in protein detection between the different toxin genes cloned in an identical fashion. To address potential differences in toxicity related to expression, we measured relative protein expression by Western blotting and toxicity by LDH release and quantified multiple fields of PI-stained and rounded cells.
Immunoblot detection of the homologs correlated well with microscopically detected GFP fluorescence. PFU expression was higher than expression of the other proteins for both parental and catalytic serine point mutant derivatives (Fig. 4A) . It is notable that PFU is the only parental protein detected, indicative of its lower inherent toxicity to HeLa cells. All noncatalytic serine-toalanine derivatives were detectable in Western blot analyses of transfected cultures. Additionally, higher-molecular-mass bands were present in the S96A PFU-GFP lane in Fig. 4A . Presumably these bands correspond to posttranslationally modified versions of noncatalytic PFU (such as ubiquitylated PFU) that are detectable due to the high levels of expression. During transfection, noncatalytic derivatives of PAU and BTU enzymes are produced to similar levels. In contrast to the relatively poor prokaryotic expression levels, we observed only a slight decrease in S137A PYU enzyme levels compared to the levels of other mutant enzymes in HeLa cells (Fig. 4A) .
A variety of assays were performed to measure different stages of cell death. The end stages of cell death were measured by LDH release, which requires membrane permeability to a large molecule. PI staining was used to measure the initial stages of plasma membrane compromise, and cell rounding was used as an indicator of cytoskeletal collapse. LDH release correlated well with PI signal from our microscopy study (Fig. 3B) in that only PAU and BTU intracellular enzyme expression resulted in levels of LDH release that were significantly different from those in the vehicle, vector, and transfection assays using genes encoding noncatalytic enzymes (Fig. 4B) . Initial stages of toxicity were easily detectable with PI staining of cells transfected with the PAU and BTU constructs (Fig. 4C ) (64% Ϯ 5% and 47% Ϯ 6% of cells are permeable to PI, respectively). In contrast, the number of cells permeable to PI in PYU transfections was 6% Ϯ 2%, and that in PFU transfections was 4% Ϯ 2%. Unpaired t tests indicated that the values measured for PYU transfections were statistically significant (P Ͻ 0.005) compared to values obtained from transfection assays performed with eGFP-only controls or genes encoding noncatalytic forms of each enzyme. A t test between PYU and PFU PI-stained cells, however, indicated no statistical difference between the two (P ϭ 0.22). We interpret these combined LDH and PI staining results to suggest that PAU and BTU are more active against the eukaryotic cell plasma membrane than PYU and PFU.
Enumeration of cells rounded per microscopic field indicated a marked difference in the number of perturbed cells among PYUand PFU-expressing HeLa cells (37% Ϯ 5% and 42% Ϯ 3% rounded for PYU and PFU, respectively) over their counterpart controls (Ͻ7% rounded). This analysis suggests that PYU and PFU express a biological activity that appears not to result in a significant compromise of the plasma membrane (Fig. 4D) . To ensure that the GFP fusions had minimal impact on toxic activity, all clones were reconstructed without fusion to eGFP and tested again for LDH release, for PI staining, and by bright-field microscopy of rounded cells. These results recapitulated the fusion construct data, suggesting that the fusion itself likely does not explain the apparent lack of activity against the plasma membrane (see Fig. S4 in the supplemental material) .
Differential binding of phospholipase A 2 bacterial enzymes to plasma membrane mimetic liposomes. The high degree of toxicity of PYU in the dual-expression system but apparent low toxicity in eukaryotic cells led us to reason that a preference in membrane substrate composition may account for this observed pattern. The inner membranes of prokaryotes differ from the inner leaflet plasma membranes of eukaryotes in several ways (52) . Most notably, E. coli harbors a large, negatively charged lipid species called cardiolipin (ϳ5% molar composition) in its membrane, with the remaining composition heavily consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE; 70% molar composition) and 1-palmitoyl-2-oleoyl-snglycero-3-phosphoglycerol (POPG; 25% molar composition). Eukaryotic plasma membrane inner leaflets are more complex than those of prokaryotes. In addition to POPE, these membranes typically consist of equal amounts of 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC; 30% molar composition), with another roughly 40% of the makeup being cholesterol and 1-palmitoyl-2-oleoyl-sn-glycero-3-(phospho-L-serine) (POPS). Importantly, another component found only in eukaryotic membranes is phosphatidyl-4,5-bisphosphate (PIP 2 ), usually constituting ϳ0.5% of the molar composition of the plasma membrane (53) . This lipid species was previously shown to have a stimulating effect on ExoU phospholipase activity in vitro and in vivo (40, 54) . Additional studies suggest that PIP 2 tightly associates with ExoU and is an important substrate (54) . The interaction with and cleavage of PIP 2 by ExoU play a biologically significant role in cell death by disruption of focal adhesion-membrane complexes, leading to a loss of cytoskeletal integrity and eventual rupture of the plasma membrane in temporally separable steps (54) .
To compare membrane-binding characteristics of these enzymes for prokaryotic (PML) or eukaryotic (EML) model liposomes, we performed lipid binding assays with each type of model liposome and determined the relative dissociation constants. Serine-to-alanine point mutant enzymes were purified for this analysis to avoid possible confounding effects due to catalysis. Binding isotherms were constructed from SDS-PAGE densitometric analyses of enzyme remaining in the supernatant after binding and centrifugation steps. Analysis of each protein binding to prokaryotic-like membrane liposomes revealed dissociation constants of 742, 537, and 613 M for PAU, BTU, and PFU enzymes, respectively. The PYU enzyme displayed a roughly 4-fold-lower binding affinity, with a dissociation constant (K d ) of 2.8 mM (Fig. 5A) . Affinities for eukaryote-like membranes were next tested using compositions that either lacked or included 0.5% PIP 2 (Fig. 5B) . Both Pseudomonas enzymes displayed a significant increase in affinity (decrease in K d ) for the PIP 2 -containing version of liposomes over liposomes lacking the molecule (182 M to 1.1 mM for PAU and 360 M to 2.1 mM for PFU). Conversely, neither the BTU or PYU enzyme displayed sensitivity to PIP 2 in terms of an increase in affinity for this liposome model using this assay. The BTU molecule appears to have a nearly 3-fold-higher affinity for the prokaryotic membrane mimics than either eukaryotic model, while the PYU toxin displayed a K d of 500 M regardless of the presence of PIP 2 (a 5.6-fold increase over that of the prokaryotic model).
Enzyme assays were next conducted to address whether PIP 2 had a dose-dependent effect in our assay system. Subsaturating conditions of enzyme, cofactor, and PED6 substrate were present in all wells, as either PIP 2 or POPS was added up to an approximately 1:1 concentration with PED6. Both the PAU and PYU enzyme activities were boosted 3-to 4-fold upon the addition of PIP 2 at a 1:6 ratio to PED6 substrate (5 M PIP 2 to 30 M PED6) (Fig.  5C ). The addition of PIP 2 alone did not result in detectable PED6 cleavage by PAU or PYU under the conditions of the assay (Fig.  5C ). No enhancement in activity was observed with POPS (Fig.  5D) . The reason for attenuation of the activity enhancement with larger amounts of PIP 2 is unclear at this point but may be related to product interference with either an enzyme-PED6 interaction or fluorescence signal. Conversely, neither the BTU nor PFU en- zymes seemed sensitive to the addition of either lipid in terms of catalytic activity. Together, these data suggest the possibility that there is more than a single type of PIP 2 -binding site in this family of enzymes, given that the PFU enzyme displayed an increase in liposome binding affinity but not catalysis and that the PYU enzyme did not show in increase in binding affinity, but substrate catalysis was enhanced.
DISCUSSION
This study was designed to test the hypothesis that ubiquitin activation of injected phospholipases is a conserved mechanism found throughout multiple species of Gram-negative bacteria.
Several homologs of ExoU were selected on the basis that a differing lifestyle of the parental strain might have affected specific properties of each phospholipase while maintaining the general activation mechanism. This premise would be consistent with the numerous physiological processes regulated by various subsets of PLA 2 enzymes depending on their structure, location, and expression level.
Pseudomonas aeruginosa is an extremely adaptable opportunistic pathogen of both plants and animals found ubiquitously through soil, freshwater, and marine environments (55) . In contrast, P. fluorescens is not considered to be pathogenic and usually exists in a symbiotic relationship within the plant rhizosphere (56) . Photorhabdus asymbiotica typically exists in an entomopathogenic life cycle with the Heterorhabditis nematode genus. Monoxenically colonized nematode juveniles regurgitate these bacteria into an infected insect's hemolymph to cause host death in less than 48 h. Several cases of human infection have been reported recently, and from these cases, it appears as though P. asymbiotica may be capable of acting as a primary pathogen (37) . Isolates of this strain were shown to be facultative intracellular organisms capable of replicating in and inducing apoptosis of human macrophage-like cells (57) . Burkholderia thailandensis is a member of the betaproteobacteria class and a close relative of the category B select agent Burkholderia pseudomallei. Like some strains of Photorhabdus, B. thailandensis appears to be a facultative intracellular organism; however, it is generally considered nonpathogenic to humans. It has also been shown to require a functional Bsa T3S system for successful escape from endocytic vacuoles of HeLa cells (31) . This study focused on enzymes secreted from two pathogenic and two nonpathogenic strains, with one pathogenic and one nonpathogenic facultative intracellular organism species represented in each category.
The selection of phospholipase orthologs from bacterial genera with different lifestyles, hosts, and/or native environments may have impacted the variation of toxin properties that we observed. The lack of a distinct pattern in enzyme properties (ubiquitin activation, binding constants, toxicities, and PIP 2 enhancement) prohibited a simplistic correlation between enzyme activities and pathogenic versus nonpathogenic or intracellular versus extracellular lifestyles. Our overall findings are consolidated into a global summary (Table 3) . Table 3 reports toxicity in both eukaryotes and prokaryotes as inversely correlated to protein expression levels. For example, the lower the relative protein expression and higher LDH release or lower recoverable CFU were associated with highly toxic enzymes. It is apparent that although each en- zyme is activated by ubiquitin and utilizes a conserved serineaspartate catalytic dyad, toxicity profiles between different enzymes in different hosts vary. In prokaryotes, the enzymes partition into two categories whereby the PYU and BTU enzymes were highly toxic and the Pseudomonas enzymes were not as potent. We postulated that both PYU and BTU would be equally toxic in HeLa cells via the transfection method and were surprised to find the attenuated toxicity profile of PYU in comparison to its lethality to E. coli. Lactate dehydrogenase release and propidium iodide staining, an indication of plasma membrane permeability, were comparatively lower in experiments utilizing expression constructs PYU and PFU versus PAU and BTU; however, a significant degree of cell rounding compared to that in controls was observed with each construct, indicating that a biological effect was still occurring. As a result, PAU and BTU toxins appear to partition to a more cytotoxic subset of bacterial phospholipases than PYU and PFU enzymes when expressed inside HeLa cells. Control experiments testing the toxicity of the non-eGFP fusions recapitulated our results with GFP fusion proteins, suggesting that an alternative explanation for the observed toxicity, such as substrate specificity, may play a role in these observations. Experiments querying sensitivity to PIP 2 support previous work in that this phospholipid is able to enhance ExoU catalysis of a substrate in the presence of ubiquitin under subsaturating enzymatic conditions (40, 54) . This observation is also evident with the PYU enzyme but not BTU or PFU, suggesting a possible correlation between PIP 2 enhancement and pathogenicity of the enzyme's host strain. Liposome binding experiments showed that both of the Pseudomonas enzymes seemed to have a higher affinity for PIP 2 -containing liposomes over those that lack the lipid, while the PYU and BTU proteins did not show this same sensitivity regarding affinity. Given that the PFU enzyme did not show a PIP 2 -stimulated increase in activity, we hypothesize that within this family of enzymes there may be multiple distinct sites of PIP 2 -protein interaction. Previous work has suggested that in addition to the catalytic site of ExoU, the C-terminal region contains a lipid binding sequence that facilitates ExoU's interaction with membrane substrates (35) . A PIP 2 -sensitive peptide sequence may exist in this domain in addition to the catalytic domain. Work in our laboratory suggested that ExoU residue R661 may be important for substrate binding due to decreased catalytic rates but not ubiquitin activation constants in vitro (30) . Additional work has suggested a link between R661 and PIP 2 coactivation; however, no direct evidence of binding between the two has been shown to date (40) . It should also be noted that PIP 2 is a viable substrate of ExoU catalysis; thus, it is possible that the activity-boosting effect at certain concentrations is a result of PIP 2 cleavage products (54) . Binding assays performed in this study utilized serine-to-alanine point mutants for affinity measurements, which suggested that at least for the Pseudomonas enzymes, a by-product is likely not a required high-affinity binding target. It is also possible that other or additional residues are involved in this process, as this arginine is conserved in amino acid alignments.
In our prokaryotic toxicity model, we noted some discrepancies between assays done on spot plates and assays performed in liquid culture. For example, PFU was as toxic as PAU in broth but not as toxic in the spot test. We speculate that the dynamics of gene expression may be different in these two environments, perhaps depending on the surface exposure of bacteria to the inducers. In addition, using live-cell microscopy, we often observed leakage of DNA from the septum of dividing bacteria (30) , suggesting that there may be transient weakness in newly synthesized membrane or cell wall structures. In broth cultures, hypertonic or hypotonic stresses may exacerbate these stresses, leading to more rapid death. Finally, perhaps growth on agar allows some recovery from the toxic effects of the phospholipases (reduction in toxin/ubiquitin transcription), masking actual death measured after broth growth. We find that the agar spot test is a useful complement to the broth assay in gaining a better understanding of the relative toxicity profiles of each enzyme.
In summary, we have shown that ubiquitin activation of bacterial phospholipase A 2 enzymes is a conserved mechanism shared by many species of organisms. The absence of this activator from the prokaryotic environment allows for the safe regulation of such enzymes with relatively promiscuous activities against their membrane substrates. Even though this general mechanism of activation seems to be preserved, this work revealed different properties among the enzymes tested. Future work examining the trafficking and modification state(s) of the homologs in host cells may lend insights into possible explanations of the differential toxicities. It is possible that localized internal membrane disruption, rather than plasma membrane disruption, is the intended outcome of a subset of ubiquitin-activated bacterial phospholipases. A more complete understanding of the function of each of these enzymes will likely require study of them as injected molecules to recapitulate biologically relevant delivery. Lastly, although sequence alignments between enzymes from this class of proteins are useful, structural homology will likely be required to fully understand the mechanisms of activation and provide leads for future specific targets regarding therapeutic application and drug design.
